ABSTRACT: An experimental apparatus that utilizes continuous fiber reinforced thermoplastics to wind rings and short tubes has been developed. Termed an on-line consolidation facility, preimpregnated tow is consolidated while the ring is being wound. The three most important parameters for the consolidation process are time, temperature, and pressure, and the facility is designed to establish their optimum combination. Therefore, each component of the apparatus provides maximum flexibility and variability in terms of these parameters. This article describes the basic concept of the process and then shows how the concept can be realized.
shoe, hot gas, infrared radiation, or infrared laser radiation to heat the tape or tow and consolidate it while the material is in motion.
Some studies have investigated infrared [1] or laser [2] energy to melt the thermoplastic matrix in a continuous process. However, the processing rates are still low compared with those obtained during wet winding, e.g. dry fibers pulled through a thermoset resin bath. Because heat conduction normal to the fiber direction is low, one of the major problems is how to quickly melt the matrix of the incoming tow without degrading the matrix on the surface. This problem can be overcome by subjecting the material to a longer heating period so that the heating power absorbed by the surface can be reduced.
The objective of this study is to develop an apparatus for the on-line consolidation of continuous fiber-reinforced thermoplastic tows. The facility will be used for the following applications:
Experimental verification of residual stress models for tape or filament wound rings [3] .
Evaluation of different heat sources for the on-line consolidation process.
Optimization of the processing parameters with respect to the product's performance.
2. REQUIREMENTS
Properties of Fiber-Reinforced Thermoplastics
The materials processed with the on-line consolidation facility can be any kind of fiber that is preimpregnated with a thermoplastic matrix material. Table 1 shows the properties of some standard composites of this group. These materials are currently available on the U.S. market [4, 5, 6 ].
Capabilities of the Ring Winding Apparatus
The winder must be able to use narrow tow, as well as wide tape, to wind rings On the other hand, in this case it is necessary to install a more sophisticated tow guiding system, to make sure that the tape runs through the preheater properly. In addition, it is rather difficult to design a fixture that makes the nippoint heater follow the movements of the nip-point.
Comparing the pros and cons of the two solutions, it was decided that the second concept would be much easier to incorporate and did not have any major weakness.
Horizontal vs. Vertical Axis of Rotation
Having decided to rotate the mandrel around a fixed axis, the choice remained whether to rotate it around a vertical or horizontal axis. Unlike Beyeler et al. [2] , it was decided to choose a horizontal axis for the following reasons:
It is much easier to remove the mandrel from the shaft to strip off the ring.
There is no axial force in the mandrel drive shaft.
The pay-out head which moves parallel to the mandrel axis does not have to be accelerated against gravity.
3A Selection of the Tensioner
The tensioner has the task of keeping the tension in the tape at a constant level while the tape is unwound from the spool. All tensioners have three components in common: a shaft to hold the spool; a locking system to hold the spool on the shaft; and a brake or clutch to control the torque in the shaft. Depending on their torque controls, the tensioning systems that are available on the market can be divided into three categories: Infrared radiation is easy to generate and to control. However, since it can be harmful to the eyes, a cover is necessary around the heating elements.
Hot gas has a poor efficiency, since not only the tape but also the gas have to be heated. Furthermore, the heat conduction coefficient between the gas and the material is low. Open flames provide a high density of energy, but they are usually so hot that they may degrade the polymer.
For the reasons stated above, infrared radiation was selected for the preheating. The on-line consolidation facility's preheater consists of two infrared heaters that have a total wattage of 10 kW at 600 V. They are mounted so they face each other simultaneously heating both sides of the tape. To 
Mandrel
The outside diameter of the mandrel is determined by the size of the ASTM standard test ring [7] . The mandrel has to be long enough to mandrel. This is made possible by a removable section bolted to the mandrel body. To attach the tape, two bolts are loosened, the tape inserted in the slot, and the bolts tightened again. A drawing of the mandrel can be viewed in Figure 2 .
Pictures of the Facility
This section shows a sketch and some pictures of the apparatus. The sketch in Figure 3 visualizes how the components of the facility are arranged relative to each other in the laboratory. Figure 4 gives an overall view of the entire apparatus. A close-up of the nip-point ( Figure 5 ) shows some details of the facility around the mandrel. Table 2 shows the protocol sheet of preliminary tests performed on the new online consolidation facility. The properties of the materials used were presented in Table 1 . Since a fast and qualitative rating was desired, the consolidation was evaluated by the sound the ring made when dropped on a hard surface.
PRELIMINARY TEST RESULTS
For the first five rings, tow of carbon fibers preimpregnated with an amorphous polyamide matrix (J2-polymer, DuPont, USA) was used. While the first ring was being wound, heavy smoke was rising from the preheater. The ring showed a poor consolidation. It seemed that the heating power was too high so that the matrix material was vaporized.
For safety reasons, the motor chosen to drive the mandrel has substantially higher performance curve than necessary to fulfill the requirements listed in section 2. Therefore, it is possible to wind at speeds that are higher than initially required (up to v, = 200 ft min-' = 1.016 m s-'). When winding the second and third ring, the winding speed was drastically increased and the heating power reduced. In addition, the rings have more layers than their predecessors.
When winding the fifth ring, the motion controller put down the layers with a 50% overlap. In addition, the winding speed was increased. The result was a ring that has better surface quality and much better consolidation than the first four rings.
Next, glass fibers preimpregnated with 2GT were used. The tow is thicker than the J2 used previously. Rings six and seven were also wound with a 50 % overlap of the layers. While the rings wound, very little smoke was rising from the preheater. By grinding the ring edges, consolidation was noticed to be improved because of lack of voids. Comparing the two rings, one can assume that a higher tension and a higher compaction force have a positive influence on the consolidation. Figure 6 shows a picture of these two rings.
For rings eight through eleven, Kevlar The consolidation also depends on the cool-down rate of the tape after it has passed the nip-point. The cooling can be influenced by the cooled mandrel, the cooled compaction roller, or an additional heat sink.
In order to use the apparatus for the verification of a residual stress model [3] , it is necessary that the boundary conditions of the model be simulated as well as possible. It might be advantageous to mount insulation rings on either side of the ring to reduce the heat flux from the ring into the atmosphere. Glass is one material that is very well suited for this application because it combines low conductivity, high heat resistance, and moderate cost.
In its present state, the Kevlar/J2 tape cannot be processed with the apparatus. However, this could be facilitated by using a resin that contains carbon particles, because carbon influences the spectral absorption coefficient of the material. The glass/2GT tape is an example of this kind of resin composition.
